Lead lanthanum zirconate titanate (Pb 1؊x La x (Zr y ,Ti z )O 3 , made of the correlation between the crystal structure of the PLZT) films containing [00l] preferentially oriented grains films and their fatigue properties. However, cyclic polarization were produced successfully on YBa 2 Cu 3 O 7؊x -coated (YBCOswitching, which induces repeated strain because of the piezocoated) SrTiO 3 (STO) or YBCO/CeO 2 -coated silicon subelectricity of the materials, has been observed to cause reliabilstrates; films containing randomly oriented grains were ity problems in multilayer lead zirconate titanate (PZT). 13 The created on platinum-coated silicon substrates. The latter same phenomenon also may occur in ferroelectric thin films. possessed significantly inferior ferroelectric properties, a
R ECENTLY, growing interest has focused on dielectric and in the range of 1-100 Pa. The substrates that were used for ferroelectric thin films for applications in dynamic random growing the PLZT were platinum-coated silicon (Pt(Ti)/Si), access memory (DRAM) 1,2 and nonvolatile ferroelectric ranYBa 2 Cu 3 O 7Ϫx -coated SrTiO 3 (YBCO/STO) or YBCO-coated dom access memory (FRAM) technologies. [3] [4] [5] [6] Reliability probsilicon with CeO 2 as a buffer layer (YBCO/CeO 2 /Si). The lems such as polarization fatigue, which refers to a decrease in YBCO layer was applied at 750ЊC under 50 Pa of oxygen the remnant polarization (P r ) with increasing switching cycles, pressure, and CeO 2 layer was deposited at 700ЊC under 10 Pa are the main obstacle to applying these devices as well as to of oxygen pressure. integrating them with a semiconductor process. Thus, extensive
The crystal structure of the PLZT films and the alignment of research has been addressed to this issue. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] the a-and b-axes on the film surfaces were examined by X-ray Previous studies focused on the degradation of polarization, diffractometry (XRD) (Model DMAX-IIB, Rigaku Co., Tokyo, as related to defects within the materials. [5] [6] [7] [8] No mention was Japan, with a CuK␣ source) and by a -scan XRD technique, respectively. The morphology of the thin-film surface was investigated by atomic force microscopy (AFM) (Model Nanoscope- 14 Typical XRD patterns of PLZT have been obtained from targets of rhombohedral and tetragonal films that have been grown in the present work on a Pt(Ti)/Si structure, respectively. An AFM examination indicated that the substrate (as shown in Fig. 1(A) ) indicate that the films that grain size of all the films was quite small (ϳ0.1 m) and that were deposited onto these substrates were tetragonal, with a the roughness was ϳ20 nm when the films were deposited small c/a ratio, and polycrystalline, consisting of randomly onto YBCO/STO substrates. The grain size and roughness were oriented grains. Moreover, the titanium underlayer, which was slightly larger (0.2-0.4 m, 25 nm) for films that were grown precoated onto the silicon to increase the adhesion of the plation YBCO/CeO 2 /Si substrates. Splitting of (001)/(100) or num layer, diffused outward during deposition of the PLZT (002)/(200) diffraction peaks in the tetragonal perovskite strucfilms. This phenomenon was indicated by SIMS (see Fig. 1(B) ), ture was barely resolved. The suppression of tetragonality in where an extraordinarily high titanium ion count could be these films was caused partially by the strain induced by subobserved at the interface between the PLZT film and the platistrate-film constraint and partially by the fine-grain nature of num layer (arrow in Fig. 1(B) ). However, interdiffusion the films. between the PLZT films and the silicon was suppressed effec-
The alignment of the a-and b-axes on the film plane of the tively by the platinum and titanium layers. Although the forma-PLZT/STO was examined by XRD -scan for the PLZT(101), tion of a TiO 2 layer that was caused by the outward diffusion of YBCO(102), and STO(101) diffraction peaks, as shown in the titanium species enhanced the nucleation of the PLZT Fig. 2 
(C). Those results indicate that the a-and b-axes of the films,
15 the apparent ferroelectric properties of the films were PLZT lattices were aligned with those of the YBCO and STO degraded substantially because of that layer, a fact that will be lattices. The full width at half maximum (FWHM, ⌬) value further discussed shortly.
for the rocking curve of the (001) diffraction peak of the rhomOn the contrary, PLZT films preferentially oriented in the bohedral films (⌬ R Ϸ 1.08Њ) was substantially larger than that [00l] direction were obtained easily on YBCO/STO and YBCO/ of the tetragonal films (⌬ T Ϸ 0.28Њ). Similar analysis, viz. a CeO 2 /Si substrates. These films were abbreviated, respectively, -scan of the PLZT(101) diffraction peaks and the rocking as PLZT/STO and PLZT/Si. However, Table I shows that the curve of the (001) diffraction peaks, on the PLZT/Si films indicated that the crystallinity of these films was slightly infesynthesis of a pure perovskite phase still requires stringent control of the deposition parameters. The pyrochlore phase rior to that of the PLZT/STO films. Elemental depth profiles of the PLZT/YBCO/STO and PLZT/YBCO/CeO 2 /Si thin films also were examined by SIMS. The spectra are shown in Figs. 3 and 4 for tetragonal and rhombohedral films, respectively. The interface between the PLZT films and the YBCO intermediate layer was very sharp when the films were deposited onto the STO substrates but slightly diffuse when they were grown onto the CeO 2 -coated silicon substrates. Such a result indicates that the CeO 2 buffer layer, although completely blocking interdiffusion between the YBCO intermediate layer and the silicon, reacted substantially with the YBCO layer by itself. Misaligned YBCO grains resulted, consequently inducing imperfections in the preferential orientation of the PLZT films and in the sharpness of the PLZT/YBCO interface.
The ferroelectric properties-the P-E curves-of these films, measured by the modified Sawyer-Tower technique, are shown in Fig. 5 . The remnant polarization ( P r ) and the coercive field (E C ) of the films are listed in Table II . The P r value for the (A)
PLZT films that were deposited onto Pt(Ti)/Si substrates was markedly lower than that of films grown onto YBCO/STO or YBCO/Si substrates, whereas the E C values were the same for all the films. Smaller P r values of the PLZT/Pt(Ti)/Si films were caused not only by the random orientation of their grains but also by the presence of a paraelectric TiO 2 layer, which was connected to the ferroelectric PLZT films in series. A comparison of ferroelectric properties among the textured PLZT films revealed that crystal symmetry and the substrate materials both markedly affect P-E behavior. For the films that were deposited onto YBCO/STO, the properties of the tetragonal PLZT, ( P r ) T ϭ 17.8 C/cm 2 and (E C ) T ϭ 56 kV/cm, were better than those of the rhombohedral PLZT, (P r ) R ϭ 12 C/cm 2 and (E C ) R ϭ 46 kV/cm. On the other hand, the ferroelectric behavior of the rhombohedral PLZT films that were deposited on silicon, ( P r ) R ϭ 11.2 C/cm 2 and (E C ) R ϭ 44.2 kV/cm, was almost as good as that for films grown on STO, whereas the properties of the tetragonal PLZT/Si films, ( P r ) T ϭ 11.8 C/cm 2 and (E C ) T ϭ 40 kV/cm, were markedly lower than those of the tetragonal PLZT/STO films.
(B)
The ferroelectric behavior of the [00l] textured samples apparently can be correlated with the intrinsic properties that are associated with the ferroelectric crystal symmetry of those materials. 16 The direction of spontaneous polarization for the tetragonal films (P ϭ [001]) was aligned with the normal of the film, and that of the rhombohedral films (P ϭ [111]) was inclined to it. Thus, the polarization value (P r ) of tetragonal films was markedly larger than that of rhombohedral films. It was difficult to switch the polarization vector from one orientation (e.g., [001] ) to the other (e.g., [001]) in tetragonal films. In contrast, the inclined polarization of the rhombohedral films easily switched from one [111] orientation to another. Therefore, a larger coercive force (E C ) could be associated with the tetragonal films and smaller values of this parameter would be associated with the rhombohedral films. The inferior ferroelectric properties of the PLZT/Si films, as compared with those of the PLZT/STO films, indicate the importance of perfect grain alignment. A pronounced PLZT-YBCO interaction also was a possible factor in lowering the electrical properties of the PLZT/Si films.
The degradation of ferroelectric properties, including remnant polarization P r and coercive force E C , with the increasing switching cycle-that is, the fatigue properties of the filmswas evaluated by applying an ac signal (5 V, 60 Hz) to the samples. Figure 6(A) shows the marked change in the P-E (C) hysteresis curve of the PLZT/Pt(Ti)/Si films (tetragonal) with polarization switching. The P r value of the samples decreased (Fig. 6(B) ). That figure was reduced to ϳ84% of its initial ( Fig. 6(C) ). In the meantime, the fatigue properties of the [00l]
(A) (B) textured PLZT films-PLZT/YBCO/STO and PLZT/YBCO/ The fatigue of ferroelectric films theoretically is induced by the formation of defects, 7,8 which can account very well for the CeO 2 /Si-changed pronouncedly as the crystal symmetry of the materials changed.
rapid degradation of the tetragonal PLZT/Pt(Ti)/Si films. The presence of an outwardly diffused TiO 2 layer also may result in The structural dependence of the fatigue properties of the PLZT films on YBCO/STO substrates possessed similar behavserious PLZT-TiO 2 interaction during polarization cycling and is expected to degrade the cycling endurance of the films furior as that on YBCO/CeO 2 /Si substrates. Therefore, only the latter will be described. Figure 6 reveals that the rhombohedral ther. Essentially, the nondegradation of P r and E C values up to 10 9 cycles in tetragonal PLZT/YBCO/CeO 2 /Si films infers that films degraded markedly because of polarization switching: the P r value decreased to ϳ80% of its initial value after 10 8 switchusing a YBCO layer as the bottom electrode is as effective as using an RuO 2 electrode to suppress the generation of defects. 3, 4 ing cycles, whereas the E C value increased abruptly at 10 6 switching cycles and decreased inversely after that. In contrast, Therefore, the fatigue of rhombohedral PLZT films using the same electrode materials implies that other factors contributed the P r and E C values of the tetragonal films hardly changed, even when the films were cycled with polarization switching up to degradation that is induced by polarization switching. The probable cause is periodic stress that is induced by polarization to 10 9 cycles. However, the fatigue properties of these films were comparable to those reported for PZT films. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] switching that is related to the piezoelectric nature of the films. 
IV. Summary
the inferior crystallinity of the PLZT/YBCO/CeO 2 /Si films. The tetragonal PLZT films not only possessed better ferroelectric properties than the rhombohedral films but also had superior In summary, [00l] preferentially oriented PLZT thin films fatigue properties, with respect to the polarization switching with either tetragonal or rhombohedral structures were obtained cycles. The properties of remnant polarization P r and coercive on YBCO-coated STO or YBCO/CeO 2 -coated silicon substrates field E C of the tetragonal films ((P r ) T ϭ 11.8 C/cm 2 and in the present study. The ferroelectric properties of those films (E C ) T ϭ 40 kV/cm) exhibited no significant degradation up to then were examined. The PLZT films that were deposited onto 10 9 polarization switching cycles; those of rhombohedral films YBCO/CeO 2 /Si substrates possessed ferroelectric properties that (i.e., (P r ) R ϭ 11.2 C/cm 2 and (E C ) R ϭ 44.2 kV/cm) had already were slightly inferior to those grown on YBCO/STO substrates, apparently because of appreciable PLZT-YBCO interaction and degraded to 80% of their initial values after 10 8 cycles. 
